Background: The chemical assignment of metabolites is crucial to understanding the relation between food composition
Introduction
Allium vegetables (onions, garlic) are important and valued components of the human diet whose consumption is widely perceived to have health benefits principally due to their high amounts of flavonoids and S-Allylcysteine sulfoxides (1, 2) . More generally, metabolomics-driven crop breeding and phytochemical genomics offer important agricultural or medicinal benefits to humans due to the chemical diversity and wide range of biological activities of phytochemicals, especially plantspecialized/secondary metabolites (3, 4) . The chemical assignment of metabolites is crucial to understanding the relation between plant composition and biological activity.
MS-based metabolomics and bioinformatics are developing to be a powerful tool to reveal the diverse structures of the specialized metabolites (5) and to make this information available in databases (6) (7) (8) (9) . In MS-based metabolomics, standard compounds and structural information provided by the UV spectrum, exact mass, tandem MS (MS/MS) 9 spectrum, elemental composition, or substructure are necessary for chemical assignment (characterization, annotation, and identification) (10) (11) (12) in accordance with the guidelines of the Metabolomics Standards Initiative (MSI) (13) (14) (15) (16) . The database of structural information accelerates chemical assignment by using both manual and (semi)automated methods.
Fourier transform ion cyclotron resonance (FTICR)2MS is one of the best instruments to acquire MS and MS/MS spectra and provides the precise elemental information needed for chemical assignment (17) . Extremely high-mass accuracy of <1 ppm and resolution power >1,000,000 full width at half-maximum at 7.0 T can be achieved (12) . This ultrahigh instrumental performance enabled S-omics targeting S-containing metabolites (S-metabolites) in onion (Allium cepa) (18) . Efficient peak selection of S-ions from the ultrahigh resolution metabolome data and detailed elemental composition analysis have been made possible by using electrospray ionization (ESI)-FTICR-MS combined with LC.
This work provides ultrahigh performance MS/MS spectra of 5 S-metabolites isolated from onion and reports the structural characterization of 3 isomeric S-containing monoisotopic ions (S-ions) extracted from the metabolome data of onion, green onion (Allium fistulosum), and garlic (Allium sativum). Ultimately, this study identified key mass spectral ions that allowed discrimination between propenylcysteine isomers in Allium food species.
Methods
Sample preparation. Edible onions, green onions, and garlic were purchased in a supermarket in Tokyo, Japan. The samples were immediately frozen, lyophilized, and ground. Materials were stored at room temperature with silica gel until use.
Extraction of metabolites and LC-FTICR-MS analysis. These procedures were performed as previously described (18) .
Data analysis. MS and MS/MS spectra were recorded by using Hystar 3.0 software (Bruker Daltonik). Data were processed by using DataAnalysis 4.0 (Bruker Daltonik). The raw files were converted to netCDF (named HIFI_004 for A. sativum, 006 for A. fistulosum, and 008 for A. cepa). Peak selection was performed by using the theoretical mass difference (1.99579 6 0.001 Da) between 32 S-monoisotopic ions and their 34 S-substituted counterparts and natural abundance of 34 S (4.29 6 5%). S-ions were extracted under the following conditions: mass tolerance, <1 mDa; retention time, 1-15 min. Signal intensity values of all ions were divided by the signal intensity value of the internal standard lidocaine for normalization. To obtain S-ions with redundant signal intensity, ions with an intensity <0.1 were eliminated. Peak alignment was conducted by using Progenesis CoMet (Nonlinear Dynamics). The software MeV 4.8 (http://www.tm4.org/mev.html) was used for hierarchical cluster analysis. PearsonÕs correlation analysis was used in this analysis. The elemental composition was calculated by using SmartFormula (Bruker Daltonik) with the following limiting conditions: <1 ppm; C 0250 H 02100 N 025 O 0250 S 025 ; charge, 1. Figure 1 ), which were isolated from onion by using chromatographic techniques (Supplemental Methods), were deposited in the ReSpect database (9) . The metabolome data are freely available at DROP Met in PRIMe (19, 20) .
Data upload. MS/MS data for standard compounds (Compounds 1-5) (Supplemental

Results and Discussion
The S-metabolites (Compound 1-5) were isolated from onion and independently identified by using NMR and MS (Supplemental Methods). MS/MS spectra of these isolated metabolites were acquired in the positive mode of LC-FTICR-MS analysis as reference data to aid the structural assignment of S-metabolites from other Allium species (Supplemental Data Set 1). The MS/MS spectra confirmed the previous structural characterization of S-2-carboxypropyl glutathione (Compound 1), g-glutamyl-S-1-propenylcysteine (Compound 2), and g-glutamyl-S-1-propenylcysteine sulfoxide (Compound 3) (18) . The loss of amino (NH 3 ), glycyl (C 2 H 5 NO 2 ), glutamyl (C 5 H 7 NO 3 ), and 1-propenyl sulfoxide (C 3 H 6 OS) moieties in the MS/MS spectra was also confirmed (see the online Supplemental Materials in reference 18). A loss of the 1-propenyl moiety was not observed in Compound 2. Generally, nonpolar and polar S-metabolites are analyzed by GC-MS and HPLC, respectively. These metabolites are also analyzed by direct analysis in real time (DART) (21) . However, the polar metabolites are not generally analyzed by reverse-phase LC-ESI-MS, a method widely used in metabolomics research, and their MS/MS spectra are frequently not accumulated in databases. As previously reported, the LC-FTICR-MS system, with ESI, provides ultrahigh resolution MS and MS/MS data (18) . Separated stable isotope-substituted ions at the region of M + 1 and M + 2 and the elemental composition of product ions and difference ions provide critical information for MS-based chemical assignment.
The metabolome data of onions, green onions, and garlic acquired by the LC-FTICR-MS system were analyzed to select S-ion candidates. Ultrahigh mass resolution (>250,000 full width at half maximum) and mass accuracy (<1 mDa) enabled separation of the 32 S-ions and their 34 S-substituted counterparts and extraction of these from metabolome data (18) . Putative 69 S-ions were extracted from the metabolome data (Supplemental Data Set 2). Hierarchical cluster analysis with the use of the extracted ions clearly showed the shared and species specificity between Allium species (Figure 1 ). Of these, 8 S-ions were assigned as being derived from S-2-carboxypropyl glutathione (Compound 1), g-glutamyl-S-1-propenylcysteine (Compound 2), trans-S-1-propenylcysteine sulfoxide (PRENCSO, isoalliin) (Compound 4), g-glutamyl-S- 
, and glutathione (Compound 10) by using the reference data according to the MSI guidelines (13) (14) (15) (16) . The MS/MS spectra of the assigned metabolites are shown in Supplemental Data Set 1 and Supplemental Data Set 3. Figures 2 and 3) led to the characterization of g-glutamyl-S-2-propenylcysteine (Compound 6), which is known to be present in garlic, together with g-glutamyl-S-1-propenylcysteine (Compound 2) (2). Their retention time and UV and MS/MS spectrum suggested that the ions were derived from structural isomers (Figure 2A) . The UV spectra were similar to those previously reported (Figure 2A , gray-shaded windows) (22) . These data suggested that the ions were derived from Compounds 2 and 6. The loss of C 5 H 7 NO 3 and NH 3 indicated glutamyl and amino moiety, and the product ion m/z 162.05823 indicated propenylcysteine moiety (C 6 H 12 NO 2 S). In the comparison of data for the standard compound of g-glutamyl-S-1-propenylcysteine ( Figure 2B . In previous research, the detection amount of (C 3 H 5 +H) + derived from 2-propenyl moiety was high in garlic, whereas there was a trace amount in onion from the 1-propenyl moiety (23, 24) In the MS/MS analysis of the standard compound of 2, 1-propenyl moiety was not detected under this condition. Together, the remaining protonated ion (m/z 291. (2) . From this result, the major product ion (m/z 170.08105, C 8 H 12 NO 3 ; m/z 234.04299, C 8 H 12 NO 5 S) was also revealed to be specific to discriminate Compounds 2 and 6.
Analysis of the MS/MS spectrum of 2 S-ions (Supplemental
A third S-ion was also extracted from the garlic metabolome data (Supplemental Figure 4) . The MS/MS spectra of this ion were quite similar to those of S-1-propenylmercaptoglutathione (Compound 7), as previously reported (18, 25) (Figure 3) , suggesting that the ion was an isomer of Compound 7 because of their different retention times (26) . In MS/MS analysis, the product ion (m/z 339.05555, C 10 H 17 N 3 O 6 S 2 ) was specifically observed from the ion m/z 380.09464. The difference ion between the protonated molecular ion and product ion indicated the presence of C 3 H 5 d , which suggested a 2-propenyl moiety (27) . The structure of the product ion (m/z 209.00488, C 5 H 9 N 2 O 3 S 2 ) also suggested loss of a 2-propenyl moiety, whereas the presence of the ion m/z 217.0643, C 8 H 13 N 2 O 3 S, in Compound 7 indicated desorption of the S-1-propenyl moiety, which has been identified in onion (Figure 3 , gray-shaded windows) (24) . These data characterized the ion m/z 380.0946 as being derived from S-2-propenylmercaptoglutathione (Compound 8) [(M + H) + , C 13 H 22 N 3 O 6 S 2 , theor. 380.0950] (25) . This metabolite shows cancer-preventive and anti-inflammatory activity (26, 28, 29) .
In conclusion, the use of the ultrahigh resolution MS and MS/MS spectra allowed the efficient chemical assignment of S-metabolites in garlic, including the often difficult discrimination of geometric isomers. This result argues for the importance of databases of MS/MS spectra of analogs and of isomer-specific product ions for MS-based chemical assignment.
The availability of such precise MS-based structural information should advance the study of the biologically active S-metabolites present in Allium foods.
